Mood and anxiety disorders develop in some but not all individuals following exposure to stress and psychological trauma. However, the factors underlying individual differences in risk and resilience for these disorders, including genetic variation, remain to be determined. Isogenic inbred mouse strains provide a valuable approach to elucidating these factors. Here, we performed a comprehensive examination of the extinction-impaired 129S1/SvImJ (S1) inbred mouse strain for multiple behavioral, autonomic, neuroendocrine, and corticolimbic neuronal morphology phenotypes. We found that S1 exhibited fear overgeneralization to ambiguous contexts and cues, impaired context extinction and impaired safety learning, relative to the (good-extinguishing) C57BL/6J (B6) strain. Fear overgeneralization and impaired extinction was rescued by treatment with the front-line anxiety medication fluoxetine. Telemetric measurement of electrocardiogram signals demonstrated autonomic disturbances in S1 including poor recovery of fear-induced suppression of heart rate variability. S1 with a history of chronic restraint stress displayed an attenuated corticosterone (CORT) response to a novel, swim stressor. Conversely, previously stress-naive S1 showed exaggerated CORT responses to acute restraint stress or extinction training, insensitivity to dexamethasone challenge, and reduced hippocampal CA3 glucocorticoid receptor mRNA, suggesting downregulation of negative feedback control of the hypothalamic-pituitary-adrenal axis. Analysis of neuronal morphology in key neural nodes within the fear and extinction circuit revealed enlarged dendritic arbors in basolateral amygdala neurons in S1, but normal infralimbic cortex and prelimbic cortex dendritic arborization. Collectively, these data provide convergent support for the utility of the S1 strain as a tractable model for elucidating the neural, molecular and genetic basis of persistent, excessive fear.
INTRODUCTION
Although the proportion of the US population exposed to at least one severe trauma may be as high as 75% (Breslau and Kessler, 2001 ), only about one-tenth of that number will meet diagnostic criterion for a clinical anxiety disorder such as post-traumatic stress disorder (PTSD) (Kessler et al, 2005) . One major susceptibility factor is genetics. Twin studies estimate a significant influence of genetics in predisposing individuals to stress-related mood and anxiety disorders (Kendler, 2001) . Specific gene variants influencing susceptibility, as well as resilience, interact with environmental variables to ultimately determine an individual's likelihood of developing an anxiety disorder after a trauma experience (Caspi et al, 2010; Ressler et al, 2011) .
Recent human neuroimaging (Rauch et al, 2006) and preclinical (Quirk and Mueller, 2008) studies have led to important advances in understanding the neural basis of persistent, excessive fear following trauma. For example, there are a number of rodent models in which a specific rat or mouse strain (Cohen et al, 2008) , sub-population (Duvarci et al, 2009) , or selectively bred line (Muigg et al, 2008) exhibits features consistent with inherent susceptibility to excessive fear after an experimental trauma such as Pavlovian fear conditioning. Along these lines, we recently identified an inbred mouse strain, 129S1/SvImJ (S1), which displays a profound deficit in cued fear extinction, coupled with functional abnormalities in corticoamygdala circuitry mediating extinction (Camp et al, 2009; Hefner et al, 2008; Whittle et al, 2010) .
Fear extinction is a form of inhibitory learning in which fear is reduced by repeated non-reinforced exposure to a fear-provoking stimulus (Pavlov, 1927) . Given impaired extinction is an intermediate phenotype of anxiety disorders (Milad et al, 2009) , the cued fear extinction deficit found in S1 raises the possibility that this strain may exhibit other fear-related abnormalities. The aim of this study was to evaluate this possibility using a combination of approaches.
To this end, we tested S1 for multiple behavioral (cued and context fear generalization, context extinction, safety learning), autonomic (heart-rate and heart-rate variability during extinction), and neuroendocrine (basal, acute and chronic stress-induced, and dexamethasone (DEX)-suppression of corticosterone (CORT) responses) disturbances relevant to fear and stress. We also tested whether certain key behavioral phenotypic disturbances in S1 (cued fear extinction, context generalization) were normalized by chronic treatment with fluoxetine (FLX), a drug with efficacy in treating trauma-related anxiety. In addition, to uncover abnormalities in the fear/extinction neural circuitry, we examined the dendritic morphology and spine density of neurons in the basolateral amygdala (BLA), infralimbic cortex (IL), and prelimbic cortex (PL) of S1 mice. All analyses were made in comparison with C57BL/6J (B6) mice, an inbred strain previously shown to exhibit good cued fear extinction relative to S1 (Camp et al, 2009; Hefner et al, 2008; Whittle et al, 2010) .
SUBJECTS AND METHODS

Subjects
Subjects were male S1 and B6 mice obtained at B8 weeks of age from the Jackson Laboratory (Bar Harbor, ME). Mice were housed by strain (2 per cage) in a temperature (72±5 1F) and humidity (45±15%) controlled vivarium under a 12-h light/dark cycle (lights on 0600 hours). The number of mice used in each experiment is given in the figure legends. Separate cohorts of naive mice were used in all experiments. All experimental procedures were approved by the National Institute on Alcohol Abuse and Alcoholism Animal Care and Use Committee and the Austrian Ethical Committees on Animal Care and Use (Bundesministerium für Wissenschaft und Forschung), and followed the National Institutes of Health guidelines outlined in 'Using Animals in Intramural Research' and the local Animal Care and Use Committees.
Contextual Fear Discrimination
For the 'ABC1' design, mice were conditioned in Cxt A as follows: after a 180-s acclimation period, there were three presentations of a 2 s, 0.6 mA scrambled footshock (the first CS at 181-s and a 60-to 90-s inter-stimulus interval between CS presentations), followed by a 120-s no-stimulus period.
Cxt A was a 27 Â 27 Â 11 cm chamber with transparent walls and a metal rod floor, cleaned with a 79.5% water/19.5% ethanol/1% vanilla-extract solution to provide a distinctive olfactory cue. One day later, mice were exposed to Cxt A, Cxt B, and Cxt C1 for 2-min sessions, with a 4-h interval between exposures and the order counterbalanced across mice. Cxt B was designed to be readily distinguishable from Cxt AFit was a Plexiglas cylinder with black/whitecheckered walls and solid-Plexiglas opaque floor, cleaned with a 99% water/1% acetic acid solution and housed in a different room from Cxt A. Cxt C1 was more ambiguous. C1 was the same as Cxt B, but contained a Cxt A metal grid floor, which has been shown to be a highly salient fear cue in rats (Gonzalez et al, 2003) . The effects of strain and Cxt-type were analyzed using two-factor analysis of variance (ANOVA) (repeated measures for Cxt-type) and Newman-Keuls post hoc tests. The threshold for statistical significance for this and all analyses in this study was po0.05.
For the 'ABC2' design, mice were conditioned and tested as above with the exception that Cxt C1 was replaced by Cxt C2. C2 was designed to be highly ambiguous. C2 had the same size, shape and metal grid floor as A, but the same black/white-checkered walls, odor, and testing room as B. The effects of strain and Cxt-type were analyzed using two-factor ANOVA (repeated measures for Cxt-type) and Newman-Keuls post hoc tests.
For this and all other fear experiments, stimulus presentation was controlled by the Med Associates VideoFreeze and Med-PC systems (Med Associates, Burlington, VT). Freezing was measured as an index of fear (Blanchard and Blanchard, 1969) and manually scored every 5 s as no visible movement, except that required for respiration, and converted to a percentage ((number of freezing observations/total number of observations) Â 100). The observer was blind to within-strain experimental conditions. We have previously shown that manual and automated scoring are equally effective in detecting and quantifying freezing differences between B6 and S1 (Hefner et al, 2008; Whittle et al, 2010) .
Contextual Fear Extinction
At 24 h after context discrimination testing, mice from both the ABC1 and ABC2 discrimination experiments were tested for contextual fear extinction via non-reinforced exposure to Cxt A for 30 min. The effects of strain and time were analyzed (collapsed across the two ABC designs) using twofactor ANOVA (repeated measures for time) and NewmanKeuls post hoc tests. One day later, extinction retrieval was tested by returning the mice to Cxt A for a 3-min test. Freezing during context extinction retrieval was compared between strains via t-test, and also compared with preextinction freezing (ie, first time-block during extinction training) using within-subjects t-test.
Cued Fear Discrimination
Cued fear discrimination was tested as previously described (Herry et al, 2008) . Mice received a single training session in Cxt A (as above). After a 120-s acclimation period, there were 3 Â CS/US pairings separated by a 60-to 120-s variable interval. The CS + was 30 s of 50 ms 80 dB pips repeated at a frequency of 0.9 Hz. For half of the mice, the frequency of the CS + was 7.5 kHz, and for the other half it was a broadband white noise (counterbalanced across strains). The US was a 2 s, 0.6 mA scrambled footshock.
One day later, cued fear discrimination was tested in Cxt B (as above). After 120-s acclimation, there were 3 Â presentations of the CS + and 3 Â presentations of whichever of the (novel) CSs not heard during training for that mouse. There was a 180-s interval between CSs and the presentation order of the CS + and novel CS was counterbalanced across strains. A discrimination index was calculated (as freezing to the CS + relative to total freezing to both stimuli), with higher scores indicating better discrimination. Strains were compared by t-test.
Partially Reinforced Cued Fear Discrimination
Partially reinforced cued fear discrimination was tested as previously described (Tsetsenis et al, 2007) . Mice received a single training session in Cxt A (as above). After a 180-s acclimation period, there were presentations of the CS + , the CS-, in a randomized order separated by a 60-to 120-s variable interval. The CS + and CS-was a white noise or shock, and the US was a footshock: stimulus parameters were the same as for cued fear discrimination experiment above. The CS + was presented 6 Â and always coterminated with the US, while the CS-coterminated 2 Â with the US and 4 Â with no US.
One day later, fear retrieval was tested in Cxt B (as above). After 180-s acclimation, there were 3 Â CS + presentations and 3 Â presentations of the CS-. There was a 180-s interval between CSs and the presentation order of the CS + and CS-was counterbalanced across strains. A discrimination index was calculated (as freezing to the CS + relative to total freezing to both stimuli), with higher scores indicating better discrimination. Strains were compared by t-test.
Cued Fear Discrimination After Extinction
Conditioning and extinction was assessed as previously described (Gogolla et al, 2009 ). Mice received a single training session in Cxt A. After a 120-s acclimation period, there were 5 Â CS/US pairings separated by a 20-to 180-s variable interval. The CS + was either a tone or white noise (details the same as for cued fear discrimination). The US was a 1 s, 0.6 mA scrambled footshock.
One day, and again 2 days later, mice received extinction training sessions in Cxt B, each consisting of 12 Â CS + presentations. One day later, extinction retrieval and cued fear discrimination was tested in Cxt B. After 120-s acclimation, there were 4 Â CS + presentation and 4 Â presentations of the novel CS (tone or white noise) that was not presented during training. There was a 180-s interval between CSs and the presentation order of CS-type was counterbalanced across strains. Freezing (measured with an automatic infrared beam detection system, Coulbourn Whitehall, PA) during trial 1 and trial 12 of each extinction session, and during extinction retrieval/cue discrimination, was compared between strains and between CS-type using t-tests.
Safety Learning
Safety learning was tested using an explicitly unpaired training procedure previously described for mice (Pollak et al, 2008; Rogan et al, 2005) . Unpaired training took place after a 60-to 80-s acclimation period in Cxt A (as above) over three daily sessions. On each session, there was a block of 4 Â US (2 s 0.6 mA scrambled footshock, 45-to 80-s variable interval between USs) and a block of 4 Â CS (20 s 75 dB white noise, 70-to 90-s interval between CSs), separated by 100 s. The US-block preceded the CS-block on training sessions 1 and 3, and vice versa on training session 2. To ensure this same sequence produced good conditioned fear when the US and CS were explicitly paired, another group of mice received three daily sessions of 4 Â CS-US training in which the US was presented during the last 2 s of the CS (112-to 172-s inter-pairing interval).
Successful CS safety learning was probed using two tests: conditioned inhibition of contextual fear and retarded acquisition of new fear learning (Pollak et al, 2008; Rogan et al, 2005) . One day after the final training session, conditioned inhibition was tested by measuring freezing in Cxt A during a 60-s baseline followed by a 20-s CS presentation (Pollak et al, 2008) . Conditioned inhibition was expressed as the reduction in freezing during the 20-s CS relative to the 20 s before the CS. The effects of strain and CS presentation on conditioned inhibition were analyzed using twofactor ANOVA (repeated measures for CS presentation).
One day later, the safety group received a session of 3 Â CS-US explicitly paired training, as above. For comparison, a naive group received the same training. Fear retardation was tested, 1 day later, by measuring freezing to a 20-s CS presentation after a 60-s baseline in Cxt A. Fear retardation was expressed as the decrease in freezing to the CS in the 'safety' group relative to the previously naive fear group. Since fear retardation can be overcome by additional training (Pollak et al, 2008; Rescorla, 1969) , we conducted a second round of explicitly paired training and testing. The effects of strain and training-type (unpaired vs paired) on retardation were analyzed using two-factor ANOVA.
Chronic FLX Effects on Extinction
Mice were conditioned and extinguished as previously described (Izquierdo et al, 2006; Wellman et al, 2007) . After a 180-s acclimation period to Cxt A (see discrimination experiment above), mice received three pairings (60-to 90-s variable inter-pairing interval) between a 30 s, 80 dB, white noise (CS) and a 2 s, 0.6 mA scrambled footshock (US), in which the shock was presented during the last 2 s of the CS. There was a 120-s no-stimulus period following the final CS-US pairing. For extinction training, there was a 180-s acclimation period, in Cxt B (see discrimination experiment above) followed by 50 Â 30-s CS presentations (5-s no-stimulus interval). One day later, mice were tested for extinction retrieval in Cxt B via 3 Â 30-s CS presentations (after a 180-s acclimation period). The effects of strain and treatment were analyzed using two-factor ANOVA and Newman-Keuls post hoc tests.
Beginning 1 day after conditioning, mice were provided with 120 mg/l FLX hydrochloride (LKT Laboratories, St Paul, MN) in (their only source of) drinking water, as previously described (Brigman et al, 2010) . This concentration was chosen based on previous data from our laboratory to attain an average self-administered daily dose of B10 mg/kg. Non-treated controls received water alone and solutions were refreshed weekly. FLX and water consumption was measured from bottle weights (corrected for evaporation and spillage) and converted to a mg/kg body weight daily dose. Mice remained on treatment through extinction training (day 22) and retrieval testing (day 23).
In a separate experiment, a cohort of mice was treated with FLX for 21 days before fear conditioning and remained on treatment through the completion of extinction testing (procedures as above).
Chronic FLX Effects on Context Discrimination
Mice were treated with FLX as above for 21 days before fear conditioning and remained on treatment through the completion of context discrimination testing. Testing for context discrimination followed the ABC2 design described above. The effects of strain and treatment for each context type were analyzed using two-factor ANOVA and NewmanKeuls post hoc tests.
Chronic FLX Effects on Stress-Induced Corticosterone
Mice were treated with FLX as above for 21 days and then (while still on drug) exposed to forced swim (20 cm-diameter Plexiglas cylinder filled halfway with 24±11C water) for 6 min. Mice were then returned to the home cage and blood samples were taken 30 min later. The effects of strain and stress were analyzed using 2-factor ANOVA and Newman Keuls post hoc tests.
Telemetric Measurement of Autonomic Function
Electrocardiogram (ECG) transmitters (Data Sciences, TA10EA-F20, St Paul, MN) were implanted intraperitoneally (i.p.) with two electrodes placed subcutaneously (s.c.), as described previously (Stiedl and Spiess, 1997) . We have established telemetry procedures for C57BL/6N (Charles River Laboratories, Germany) and this substrain shows similar autonomic functions as B6 (Stiedl et al, 2003) . We have also previously shown that C57BL/6N show good extinction in comparison with S1 (Whittle et al, 2010) . For these reasons, we used C57BL/6N rather than B6 in this experiment. After 2-3 weeks of recovery in individual home cages, mice were fear conditioned via 3 Â CS (30 s, 80 dB, white noise)/US (2 s, 0.6 mA scrambled footshock) explicitpairings. Conditioning took place, after 180-s acclimation, in a novel 26 Â 30 Â 32 cm chamber with transparent walls and a metal rod floor, with stimuli controlled by the Habitest operant system (Coulbourn Instruments, Whitehall, PA). ECG could not be recorded during conditioning. One day later, after a 180-s no-stimulus baseline period mice received extinction training via 50 Â non-reinforced CS + presentations (5-s inter-CS intervals) in the home cage (to avoid ECG artifacts because of handling) (Depino and Gross, 2007; Tovote et al, 2004) .
The ECG signal was measured during baseline and extinction training. The signal was digitized at a rate of 2 kHz and stored for later off-line analysis using Dataquest A.R.T. 4.1 (Data Sciences). Recordings were edited for correction of unrecognized beats and exclusion of artifacts. As each mouse does not provide a good ECG signal for every CS, we increased the power of the analysis by collating useable signals for each strain during the first and second 25-CS trial blocks. We used successive R-R waves of the ECG signal to derive heart rate (HR) (defined as beats per min (b.p.m.) and calculated as 60 (s in 1 min)/successive R-R interval differences (s)) and HR variability (HRV) ((expressed (ms) as the root-mean-square of successive R-R interval differences (RMSSD)). Basal strain differences were analyzed via t-tests. Cardiovascular data during extinction data from each strain were normalized to their respective baselines, and the effects of strain and CS-block were analyzed using two-factor ANOVA (repeated measures for CS-block) and Newman-Keuls post hoc tests.
HPA-Axis Profile and Hippocampal Glucocorticoid Receptor Expression
Basal CORT. Mice were individually housed for 1 day to minimize disturbance before sampling. Basal CORT levels were measured during the early (0800-0900 hours) and late (1700-1800 hours) phase of the light cycle, when mouse serum CORT levels are expected to be low and high, respectively (Chen et al, 2006; Lechner et al, 2000) . Samples for this and all other CORT analyses were collected from trunk blood, following cervical dislocation and rapid decapitation, within 30 s of disturbing the cage. Samples were centrifuged at 13 000 r.p.m. for 30 s. Serum was extracted and assayed for total CORT (bound and free) using the ImmuChem Double Antibody 125 I RIA kit from MP Biomedicals, LLC (Orangeburg, NY) as previously described (Boyce-Rustay et al, 2007) . The effects of strain and time of day were analyzed using two-factor ANOVA.
Acute restraint-induced CORT. Stress-induced activation and recovery of CORT was measured by placing mice in ventilated 50 ml Falcon tubes for 2 h. Mice were then returned to the home cage and blood samples were taken either 30 min ( ¼ activation) or 75 min ( ¼ recovery) later (1700-1800 hours, concomitant sampling basal levels of the late phase of the light cycle). The effects of strain and stress were analyzed using two-factor ANOVA and Newman-Keuls post hoc tests.
Extinction-induced CORT. Mice were conditioned and extinguished as described above for the FLX experiments, but immediately killed after extinction training for CORT analysis. Strains were compared using t-tests.
Acute swim-induced CORT after chronic restraint. As previously reported (Mozhui et al, 2010) and reanalyzed and redrawn here, a naive cohort was restrained daily (1000-1200 hours) for 10 days and, 2 days later, exposed to forced swim (20 cm-diameter Plexiglas cylinder filled halfway with 24 ± 1 1C water) for 6 min. Mice were then returned to the home cage and blood samples were taken 30 min later. The effects of strain and stress were analyzed using two-factor ANOVA and Newman-Keuls post hoc tests.
DEX suppression of CORT. Stress-naive mice were injected (s.c.) with 0, 0.05 or 0.1 mg/kg DEX (in a volume of 5 ml/kg body weight). Blood samples were taken 6 h later (1700-1800 hours). Doses were based on those previously described for mice on a C57BL/6 background (Mitsukawa et al, 2006; Ridder et al, 2005) . The effects of strain and treatment were analyzed using two-factor ANOVA and Newman-Keuls post hoc tests. A separate cohort of S1 mice was injected with 0, 0.075 or 0.2 mg/kg DEX and blood samples were taken 6 h later as above.
GR mRNA expression. Stress-naive mice were killed, brains were immediately extracted, snap-frozen in isopentane, maintained in dry ice and then stored at À80 1C. Glucocorticoid (GR) mRNA was measured via in situ hybridization using an oligodeoxynucleotide (cDNA) probe complementary to GR mRNA (169-213 pb access number NM_008173), labeled with a digoxigenin (DIG) oligonucleotide 3 0 -OH tailing kit (Roche, Molecular Biochemicals, Mannheim, Germany). The hybridization procedure was as previously described (Bravo et al, 2009) . Briefly, 10 mmthick coronal brain sections were cut and mounted on superfrost glass slides (Menzel-Glaser, Menxel GmbH Germany). Sections were post-fixed in 4% paraformaldehyde made in PBS for 30 min, permeabilized with Proteinase K (0.5 mg/100 ml in TE buffer) and then treated with acetic anhydride buffer. Next, the slides were put through a series of ethanol dilutions (70, 95 and 100%) before being dehydrated in chloroform for 5 min. The tissues were then rehydrated and placed in a humidity chamber with the hybridization solution (formamide 50%, saline and sodium citrate buffer (SSC) 4 Â , sheared salmon DNA 6.25 mg/ml, tRNA 125 mg/ml, and cDNA probe at fixed concentration of 100 pmol/ml for each probe) and incubated overnight at 37 1C. Sections were then washed in ascending dilutions of SSC buffer (4 Â , 2 Â , 1 Â , and 0.5 Â ) and equilibrated with maleic acid 0.1 M buffer before blocking for unspecific protein binding with Roche's blocking reagent (Roche, Molecular Biochemicals). After 30 min of blocking, the DIG molecules attached to the hybridized probes were detected with an anti-DIG antibody, conjugated with an alkaline phosphatase (Roche, Molecular Biochemicals). Finally, a substrate for the alkaline phosphatase (NBT/BCIP, Sigma, St Louis, MO) was added until a violet/blue precipitate was apparent. Slides were then left to air-dry and cover-slips were mounted with DPX mounting medium (Fisher Scientific, Loughborough, UK). Once the mounting medium was dry, hippocampal images from both hemispheres were obtained using an Olympus DP71 digital camera attached to an Olympus BX51 microscope (Olympus, Tokyo, Japan). Specificity of the hybridization was evaluated by the use of 100-fold excess of the unlabeled oligodeoxynucleotide (see Supplementary Figure S1 ).
For semi-quantitative analysis, densitometric measurements of each hippocampal area (DG, CA1 and CA3) were analyzed using FujiFilm's Science Lab Multi Gauge v2.2 software (Fuji Photo Film). Images were analyzed in grey scale and the value given by the software corresponds to the intensity of pixels (the darkest staining is the highest intensity; the lightest staining the lowest intensity) in a given area (density of pixels). The hybridization signal in the stratum radiatum was considered as background and was subtracted from the pixel density values obtained in the hippocampal cell layers. Strains were compared via t-tests.
Dendritic Morphology of BLA, IL, and PL Neurons
The dendritic morphology and spine density of pyramidal neurons in BLA, IL, and PL was determined using Glaser and Van der Loos' modified Golgi stain (Glaser and Van der Loos, 1981) , essentially as described previously (Izquierdo et al, 2006) . Within 3 h of the completion of extinction testing, mice were overdosed with xylazine/ketamine and then transcardially perfused with 0.9% saline. Brains were removed and immersed in Golgi-Cox solution (1 : 1 solution of 5% potassium dichromate and 5% mercuric chloride diluted 4 : 10 with 5% potassium chromate) for 18 days (optimal period determined from a pilot study). Brains were dehydrated, infiltrated with a graded series of celloidins, and embedded in 8% celloidin. Coronal sections were cut at 160 mm on a sliding microtome (American Optical 860, San Marcos) and alkalinized, developed, fixed, dehydrated, cleared, mounted, and cover-slipped.
Pyramidal neurons in layers II-III of IL and PL were drawn. PL was readily identified by its position on the medial wall of rostral cortex and its location dorsal to IL, which is markedly thinner than the PL area and has fewer, less well-defined layers. PL was distinguished from anterior cingulate cortex by the curve of the apical dendrites, which is more pronounced in anterior cingulate, as the cortex wraps around the midline. Layers II-III in PL is readily identifiable in Golgi-stained material based on its characteristic cytoarchitecture. It is positioned immediately ventral deep to the relatively cell-poor layer I (which also contains the distal dendritic tufts of layers II-III pyramidals) and superficial to layer V; this boundary is pronounced because of greater cell-packing density and smaller somata of pyramidal cells in layers II-III relative to layer V (Zilles and Wree, 1995) . IL was distinguished from the ventrally adjacent dorsal peduncular cortex by thinning of gray matter and by increased distance between layers II-III and the cortical surface. Morphology of pyramidal cells in dorsal penduncular peduncular cortex is also markedly different from that of the IL cortex. BLA is readily identified in Golgistained material, as the external capsule branches into two smaller fiber tracts that define the dorsal, medial and lateral borders of the BLA.
Pyramidal neurons in these three regions were defined by the presence of at least two basilar dendritic trees with at least third-order branches, a distinct, single apical dendrite, and dendritic spines. Neurons selected for reconstruction did not have truncated branches and were unobscured by neighboring neurons and glia, with dendrites that were easily discriminable by focusing through the depth of the tissue. In 4-6 sections evenly spaced through the rostralcaudal extent of medial prefrontal cortex, all pyramidal neurons meeting these criteria were identified. An average of 5 neurons per mouse per region (average of 2.5 from each hemisphere) were randomly selected (using a random number generator, http://www.randomizer.org) from all identified neurons and reconstructed.
Neurons were drawn in three-dimensions by an experimenter blind to strain, using a 100 Â objective on an Olympus BX41 system microscope using a computer-based neuron tracing system (Neurolucida, MBF Biosciences, Williston, VT). The length and number of dendrites, as well as the length and number of terminal branches, was measured for apical and basilar arbors. Strains were compared using t-tests. In addition, to assess the overall amount and location of dendritic material, a three-dimensional version of a Sholl analysis (Larkman, 1991; Wellman et al, 2007) was performed by measuring the number of dendritic intersections within 10-mm concentric spheres radiating from the soma. The effects of strain and distance from soma were analyzed using two-factor ANOVA (repeated measures for distance) and Newman-Keuls post hoc tests.
Dendritic spines were counted on first-through thirdorder branches, as these make up B90% of the dendritic arbor of IL and PL pyramidal neurons. For each neuron, spines were counted on segments of the basilar primary, secondary, and tertiary branches, and the oblique and horizontal branches of the apical trunk. Segments averaged B50 mm in length that were unobscured by neighboring dendrites and glia, and were not randomly selected. Spines were counted using Neurolucida as previously described (Mozhui et al, 2010) . Strains were compared for spines per mm using t-tests.
RESULTS
Context Overgeneralization
One cohort of mice was tested using an 'ABC1' Cxt design. Fear conditioning was in Cxt A via 3 Â presentations of a footshock US. One day later, mice were exposed to Cxt A, Figure 1 Fear overgeneralization and impaired safety learning. (a) S1 and B6 froze more to the conditioned context (Cxt A) than either a novel context (Cxt B) or slightly ambiguous context (Cxt C1) (**po0.01 vs Cxt A, n ¼ 8 per strain). (b) S1 froze more to the conditioned Cxt (Cxt A) than a novel Cxt (Cxt B) but not a highly ambiguous context (Cxt C2). B6 froze more to Cxt A than either Cxt B or Cxt C2 (**po0.01 vs Cxt A/same strain, n ¼ 8 per strain). (c) During Cxt extinction, there was a decrease in freezing from the first to the last timebin in B6 but not S1, and S1 froze more than B6 during all timebins except the first (*po0.05 vs B6/same timepoint, n ¼ 16 per strain). During the extinction retrieval test S1 froze more than B6 (**po0.01 vs B6), although freezing was lower than it was at the beginning of extinction training in S1 ( # po0.05) and B6
(## po0.01). (d) S1 and B6 were equally able to discriminate a novel CS-from a conditioned CS + (n ¼ 13-14 per strain). (e) S1 were poorer than B6 at discriminating a partially reinforced CS-from a fully reinforced CS + (**po0.01 vs B6, n ¼ 9-12 per strain). (f) S1 and B6 were equally able to discriminate a novel CS-from a conditioned CS + after fear extinction, although discrimination in B6 was accounted for by a sub-population of poorly extinguishing mice ('B6 high') (see inset) (*po0.05, **po0.01 vs B6, ## po0.01 vs CS + /same strain, n ¼ 10-14 per strain). (g) Safety-trained B6, but not S1, showed inhibition of contextual fear during presentation of a CS safety signal (## po0.01 vs Cxt/B6, n ¼ 9-10 per strain). (h) Safety-trained B6 and S1 mice showed retardation of new fear learning, as compared with previously naive controls (**po0.01 vs previously naive, n ¼ 6-9 per strain per group). (i) Following safety training in which the CS block always preceded the US block, S1 and B6 both showed inhibition of contextual fear during presentation of the CS safety signal (**po0.01 vs Cxt, n ¼ 7 per strain). Data are means±SEM.
Cxt B (different from A) and Cxt C1 (same as B, but with same grid floor as A) for 3-min sessions with 4 h between exposures and the order of exposure counterbalanced. Results showed that S1 and B6 were equally able to discriminate B and C1 from A, indicated by lower freezing to B and C1 than A (Cxt-type: F 2, 28 ¼ 38.81, po0.01) (Figure 1a) .
A separate cohort of mice was tested using an 'ABC2' Cxt design. Here, mice were tested as above except that C1 was replaced by C2, which was rendered more ambiguous by having multiple features of Cxt A. Here, S1 discriminated B but not C2 from A (Cxt-type: F 2, 28 ¼ 29.51, po0.01; strain Â Cxt-type: F 2, 28 ¼ 3.22, p ¼ 0.0553) (Figure 1b) .
One day after context discrimination, contextual fear extinction was tested via non-reinforced exposure to Cxt A for 30 min. S1 froze more than B6 on all timebins except the first, and there was a decrease in freezing from the first to last timebin in B6 not S1 (strain Â time: F 14, 420 ¼ 2.80, po0.01) (Figure 1c) . One day later, extinction retrieval was tested by returning mice to Cxt A for a 3-min test. S1 showed more freezing than B6 (t 30 ¼ 4.15, po0.01), although freezing was lower during retrieval than the corresponding time point before extinction training in S1 (t 15 ¼ 2.52, po0.05) and B6 (t 15 ¼ 7.00, po0.01) (Figure 1c) .
Cue Overgeneralization
We first tested for the ability of mice to discriminate a novel stimulus from a fully conditioned stimulus. Mice were conditioned via 3 Â pairings of a CS + (7.5 kHz pure tone, or white noise pips) with footshock US in Cxt A. One day later, the CS + and a novel CS (order counterbalanced) were presented in Cxt B. A discrimination index was calculated as freezing to the CS + relative to total freezing to both stimuli, with higher scores indicating better discrimination. S1 and B6 showed high (40.75) and similar cue discrimination ( Figure 1d ).
Next, we tested the ability to discriminate a fully conditioned CS + from a CS-rendered ambiguously predictive of danger by being occasionally paired with footshock. Here, mice were conditioned via 6 Â pairings of a CS + with the US and 6 Â presentations of a CS-paired only 2 Â with the US. One day later, mice were presented with the CS + and the ambiguous CS-(order of CS-type counterbalanced). S1 had a lower discrimination index than B6 (t 19 ¼ 3.57, po0.01) (Figure 1e) .
In a third experiment, we tested for discrimination of a novel stimulus from a fully conditioned CS + after mice had undergone extinction to the CS + . Mice were conditioned via 5 Â pairings of a CS + (7.5 kHz or white noise pips) with footshock US. Over 2 days, mice were given 12 per day nonreinforced presentations of the CS + in Cxt B. During the first (strain Â trial: F 1, 22 ¼ 33.42, po0.01) and second (strain: F 1, 22 ¼ 15.38, po0.01; trial: F 1, 22 ¼ 9.53, po0.01) extinction sessions, B6, not S1, reduced freezing (Figure 1f) . Freezing was higher in S1 than B6 by the final trial of both sessions and on first trial of session 2, confirming impaired extinction. One day later, mice were presented with the CS + and novel CS-(order counterbalanced). Both B6 and S1 showed more freezing to the CS + than CS-(F 1, 22 ¼ 5.87, po0.05, followed by post hoc tests), and S1 froze more than B6 regardless of CS-type (F 1, 22 ¼ 12.69, po0.01; strain Â CStype interaction: p40.05) (Figure 1f) . As it has previously found that B6 segregate into good and poor extinguishing sub-populations (Herry and Mons, 2004) , we also analyzed discrimination in B6 as a function of high (S1-like) or low CS + freezing after extinction. This revealed that, as with S1, poor extinguishing B6 still retain good discrimination (t 4 ¼ 7.52, po0.01) (Figure 1f , inset).
Impaired Safety Learning
As a measure of safety learning, mice were tested for contextual fear inhibition during presentation of a CS safety signal. B6, but not S1, showed fear inhibition to a safety signal (strain Â CS: F 1, 17 ¼ 6.14, po0.05) (Figure 1g ). Both strains tested with explicit CS/US pairing showed robust and equivalent freezing to CS during a post-conditioning fear probe (S1 ¼ 75.0±6.7%, B6 ¼ 71.4±3.6, n ¼ 6-7).
In a second test for safety learning, both strains exhibited significant retardation of new fear learning (training-type: F 1, 26 ¼ 49.81, po0.01), although there was a nonsignificant trend for lesser retardation in S1 than B6 (Figure 1h ). Retardation was overcome after this second round of training in both strains (S1 naive ¼ 100 ± 5%, S1 safety ¼ 77 ± 10%, B6 naive ¼ 100±14, B6 safety ¼ 86±10).
In a separate cohort of mice, we tested for contextual fear inhibition after a safety training protocol in which t he CS block always preceded the US block. Here, both strains exhibited contextual fear inhibition during presentation of the CS safety signal (CS effect: F 1, 12 ¼ 28.67, po0.01) (Figure 1i ).
FLX Rescue of Impaired Extinction and Context Overgeneralization
In mice given FLX before fear conditioning, freezing increased across conditioning trials (F 3, 72 ¼ 221.60, po0.01), but FLX-treated S1 tended (post hoc: p ¼ 0.059) to freeze less by the final CS-trial than water-treated S1 counterparts (trials Â strain interaction: F 3, 174 ¼ 3.09, po0.01, trials Â drug: F 3, 174 ¼ 4.72, po0.01) (Figure 2b) . During extinction training, B6 showed a greater decrease in freezing across trial-blocks than S1, although S1 again tended (post hoc: p ¼ 0.12) to freeze less after FLX treatment, relative to water treatment, during the first trial-block (strain Â trial-block Â drug: F 9, 522 ¼ 3.26, po0.01) (Figure 2b ). On the extinction retrieval test, water-treated S1 had higher freezing than B6, but this strain difference was absent in FLX-treated mice because of a FLX-induced reduction in S1 freezing (strain Â drug: F 1, 24 ¼ 9.58, po0.01, Figure 2c) .
A separate cohort of mice was not given FLX until after fear conditioning. Freezing increased across conditioning trials (F 3, 72 ¼ 139.43, po0.01) , and strains and treatment groups did not differ (effects of strain/treatment and treatment Â strain/trial: ns) (Figure 2e ). During extinction training, B6 showed a greater decrease in freezing across trial-blocks than S1 (strain Â trial-block: F 9, 216 ¼ 5.65, po0.01), regardless of treatment (effect of treatment and treatment Â strain/trial-block: ns) (Figure 2e ). However, on the extinction retrieval test, water-treated S1 had higher freezing than similarly treated B6, and FLX treatment significantly reduced freezing in S1 to B6 levels (strain Â drug: F 1, 25 ¼ 5.89, po0.05) (Figure 2f ).
We next tested the effects of FLX, given before conditioning, on context discrimination (ABC2 design above). FLX-treated S1 froze less than water-treated S1 to the ambiguous context, such that S1 froze more than B6 after water (as seen in Figure 1b Finally, we treated mice for 21 days with FLX and then measured CORT responses to acute swim stress. Results showed that water-treated S1 showed higher stressinduced CORT than B6, but not after FLX (strain Â drug: F 1, 25 ¼ 5.27, po0.05) because of a significant increase in CORT in FLX-treated B6 relative to water-treated B6 (Figure 2j ).
Autonomic Abnormalities
Mice received explicitly paired CS/US (noise/footshock) training in Cxt A and, 1 day later, 50 Â CS extinction training in the home cage (tested in this familiar environment to avoid ECG handling artifacts). S1 had higher basal HR (t 100 ¼ 6.35, po0.01; S1 ¼ 618.3 ± 4.7, B6 ¼ 566.8 ± 6.6 heart b.p.m.) and lower HRV (t 100 ¼ 2.58, po0.05; S1 ¼ 3.30 ± .24, B6 ¼ 4.60 ± .44 RMSSD index) relative to B6. Moreover, both strains showed increased HR (strain Â CS-block: F 2, 100 ¼ 14.90, po0.01) and decreased HRV from baseline to the first (CS1-25) block (strain Â CS-block: F 2, 100 ¼ 3.24, po0.01), but changes across these blocks were significantly greater in B6 than S1 (Figure 3a and b) . Then, from the first to second extinction block, HRV (not HR) increased in B6 but did not change, and remained below baseline, in S1 (Figure 3b ).
Neuroendocrine Abnormalities
CORT levels were higher in the p.m. than a.m. but did not differ between strains (time: F 3, 52 ¼ 2.79, po0.05) (Figure 3c) . After a 2-h acute restraint stress, CORT (a) Schematic of experimental design in which mice were FLX treated for 3 weeks before conditioning (Con), and remained on treatment through extinction training (Ext) and retrieval testing (Test). (b) S1 showed more freezing than B6 over extinction trials, regardless of treatment, although there was a nonsignificant trend for lesser freezing during the first trial-block in FLX-treated S1 mice (n ¼ 8 per strain per treatment). (c) S1 had higher freezing than B6 during extinction retrieval after water but not FLX treatment (**po0.01 vs B6/ water, ## po0.01 vs S1/water, n ¼ 8 per strain per treatment). (d) Schematic of experimental design in which mice were FLX treated for 3 weeks starting after conditioning, and remained on treatment through testing. (e) S1 showed more freezing than B6 over extinction trials, regardless of treatment, although decreases in freezing were evident in all groups during the first four trial-blocks. (f) S1 had higher freezing than B6 during extinction retrieval after water but not (post-conditioning) FLX treatment (**po0.01 vs B6/water, ## po0.01 vs S1/water, n ¼ 7 per strain per treatment). (g) Schematic of experimental design in which mice were FLX treated for 3 weeks before context conditioning, and remained on treatment through the context generalization test. (h) S1 froze more to an ambiguous context than B6 after water but not FLX treatment (**po0.01 vs B6/water, # po0.05 vs S1/water, n ¼ 6-8 per strain per treatment). (i) Schematic of experimental design in which mice were FLX treated for 3 weeks before acute forced swim stress. (j) S1 had higher acute swim stress-induced CORT than B6 after water but not FLX treatment. CORT was higher in B6 after FLX treatment relative to water (**po0.01 vs B6/water, ## po0.05 vs B6/water, n ¼ 7-8 per strain per treatment). Data are means ± SEM. levels were elevated in both strains at 30 min, but to a significantly greater extent in S1 than B6 (strain Â stress: F 1, 24 ¼ 4.79, po0.05) (Figure 3c ). By 75-min post-stress, CORT levels had recovered to baseline in both strains (Figure 3c) .
After exposure to 50 Â CS extinction training, CORT levels were significantly higher in S1 than B6 (t 20 ¼ 3.40, po0.01; S1 ¼ 421 ± 66, B6 ¼ 208 ± 29 mg/dl).
The CORT response to an acute swim stress was significantly lesser in S1 than B6 with a history of chronic restraint stress, but similar between strains that had no prior restraint stress (strain Â stress: F 2, 42 ¼ 10.21, po0.01) (Figure 3d) .
Injection of DEX significantly suppressed CORT levels relative to vehicle in B6 but not S1 (strain Â treatment: F 2, 59 ¼ 3.69, po0.05) (Figure 3e ). Both strains did, however, show similar CORT suppression after challenge with a very high dose of DEX (vehicle as %vehicle ¼ 100.0 ± 10.5, 0.2 mg/kg ¼ 22.6 ± 7.3, F 2, 19 ¼ 23.26, po0.01). S1 had significantly lower GR mRNA expression than B6 in the CA3, but not DG or CA1, hippocampal subregion (t 9 ¼ 2.76, po0.05) (Figures 3f and g ) (levels of unlabeled oligo probe were no different).
Increased BLA Dendritic Arborization
In BLA neurons, apical, but not basilar (S1 ¼ 5.16±0.43 mm, B6 ¼ 5.26 ± 0.13) dendrites were longer in S1 than B6 (t 14 ¼ 2.18, po0.05) (Figures 4a and b) . Spine density was not different between strains (Figure 4c ). Sholl analysis indicated that S1 had more apical dendritic material than B6, particularly at distances relatively distal from the soma (strain Â distance-from-soma: F 11, 154 ¼ 1.87, po0.05) (Figure 4d) .
In PL neurons, apical dendritic length did not differ between strains as measured by overall averages (Figure 5a and b) or Sholl analysis (Figure 5c ). PL spine density was similar in S1 and B6 (Figure 5d) .
Finally, strains did not differ in apical dendritic length of IL neurons, measured either by overall averages (Figures 5e  and f) or Sholl analysis (Figure 5g ). IL spine density was similar across strains (Figure 5h ).
DISCUSSION
Anxiety patients perceive ambiguous stimuli and places 'that resemble or symbolize an aspect of the traumatic Heart-rate (%normalized to basal) Basal CS1-25 CS26-50 S1 B6 S1 B6 S1 B6 Basal CS1-25 CS26-50 Figure 3 Autonomic and neuroendocrine abnormalities. (a) S1 and B6 showed an increase in HR from baseline to the first-half and second-half blocks of extinction training, although this increase was greater in B6 than S1 ( ## po0.01 vs basal/same strain, **po0.01 vs S1, n ¼ 8 per strain). (b) Both strains showed a reduction in HRV from baseline to the first-half block of extinction training, with a greater reduction in B6 than S1 and a recovery to baseline in B6, but not S1, on the second-half block ( ## po0.05 vs basal/same strain, *po0.05 vs S1, n ¼ 8 per strain). (c) AM or PM basal CORT did not differ between strains, and PM CORT was generally higher than AM CORT ( # po0.05 vs AM/same strain). CORT was increased 30 min after acute 2-h restraint stress, relative to basal PM ( z po0.05 same strain) but was elevated more so in S1 than B6 (*po0.05 vs B6). CORT returned to PM basal levels by 75 min (n ¼ 7-9 per strain per condition). (d) CORT was increased by acute swim stress (# po0.05 vs basal/same strain) in previously stress-naive S1 and B6. In mice previously subjected to chronic restraint stress, acute swim produced an augmented CORT response in B6, but an attenuated response in S1, relative to the no restraint + swim groups ( z po0.05 vs no restraint + swim, *po0.05 vs B6, 5-14 per strain per group) (from Mozhui et al, 2010 with permission) . (e) Injection with DEX (0.05 and 0.1 mg/kg) reduced CORT relative to vehicle in B6, but not in S1 ( # po0.05 vs 0 dose/B6, n ¼ 10-12 per strain per dose). (f) S1 had lower GR mRNA expression than B6 in the CA3, not dentate gyrus (DG) or CA1, hippocampal subregions (*po0.05 vs B6/same region, n ¼ 5-6 per strain). (g) Representative in situ hybridization images of GR mRNA from S1 and B6 (scale bar ¼ 1 mm). Data are means±SEM.
event' as threatening (Bonne et al, 2004; DSM-IV, 1994) . We tested for a similar bias in S1 by assessing discrimination of contexts and cues ambiguously associated with trauma. S1 and B6 were equally able to discriminate between a novel context and slightly ambiguous, but S1 generalized fear to an ambiguous context with multiple features of the conditioned context. In addition, extinction of fear to the conditioned context was impaired in S1, relative to B6, extending the previous observation that the strain exhibits profoundly deficient cued fear extinction (Hefner et al, 2008; Whittle et al, 2010) . We also found that while S1 and B6 equally discriminated a novel from a fully conditioned auditory cue (after either conditioning or extinction), S1 froze more than B6 to an auditory cue ambiguously predictive of danger. Thus, S1 exhibited a bias to overgeneralize fear to both ambiguous contexts and discrete environmental cues. Whether this reflects a broader tendency of S1 to generalize learning remains to be determined, for example, by testing for generalization of positively reinforced stimuli, such as drug and food rewards. Although it is relevant to note here that, in contrast to impaired fear extinction, extinction of an instrumental response for reward is normal in S1 (Hefner et al, 2008) .
Impaired fear extinction and fear generalization in S1 could be a reflection of a more general deficit in the ability to form or express memories that inhibit fear. We tested for a form of 'safety learning' that results from explicit CS-US unpairing and produces conditioned fear inhibition to contexts and retardation of new fear learning (Rescorla, 1969) . Unlike B6, S1 failed to show inhibition of a contextual response, demonstrative of impaired safety learning. Interestingly, however, both strains exhibited retardation of new fear learning following safety training. This suggests that S1 acquired a safety signal but failed to express it to overcome a contextual fear response. Moreover, we found that S1 were in fact able to successfully demonstrate contextual inhibition using a training protocol in which the CS safety signal was consistently presented before footshock during safety training. In other words, the order in which safety and trauma signals are experienced is a critical determinant of the ability of S1 to show safety learning. Although the precise nature of this deficit will need to be delineated in future studies, these data demonstrate that the S1 fear phenotype goes beyond the cued extinction deficit we originally observed to encompass multiple impairments in inhibitory fear learning.
Another novel finding was that the S1 fear phenotype was rescued by FLX, a frontline pharmacotherapeutic for trauma-related anxiety disorders such as PTSD. Specifically, chronic FLX normalized long-term cued fear extinction in S1 to B6 levels, without producing any observable facilitation of extinction in B6 mice. This effect was evident either when FLX was given before conditioning or between conditioning and extinction. Furthermore, chronic FLX treatment also resolved strain differences in contextual fear generalization. Interestingly, FLX normalized S1 fear to B6 levels on the post-extinction retrieval test without producing reductions in fear during extinction training. The most parsimonious account of this pattern of drug effects is that FLX selectively promoted the consolidation of the extinction memory, and not its acquisition. This contrasts with other manipulations, such as dietary Zinc depletion, which strongly facilitates extinction acquisition in S1 (Whittle et al, 2010) and suggest that FLX treatment might selectively targets processes, such as IL neuronal bursting (BurgosRobles et al, 2007) , which are implicated in extinctionconsolidation. This could be interrogated further by, for example, measuring IL bursting in FLX-treated S1 or testing whether the ability of FLX to reduce fear on extinctionretrieval is contingent upon extinction training (ie, consolidation dependent). Further studies could also extend the current data set by testing the effects of FLX on other fear abnormalities in S1, including contextual fear extinction and safety learning. In lieu of these additional studies, these rescue experiments are of importance to the S1 as a potential model with clinical relevance because SSRIs such as FLX and sertraline remain first-line treatments for anxiety disorders (Brady et al, 2000) . By extension, S1 could be used as a tractable model to screen for novel fear inhibiting treatments (Holmes and Quirk, 2010) . Providing further support for the face validity of the S1 as a clinical model, we found perturbations in various autonomic and neuroendocrine parameters. Behavioral abnormalities in mood and anxiety disorders are accompanied by autonomic and neuroendocrine disturbances, including reduced HRV in at least some anxiety patients (Cohen and Benjamin, 2006) . Measuring HR and HRV at baseline and during extinction learning via i.p. implanted ECG transmitter revealed that S1 had higher basal HR and lower HRV relative to B6. As HR and HRV regulation are strongly modulated by blood pressure (Fazan et al, 2005) , these low HRV values might reflect higher (around 10% vs B6) basal systolic blood pressure in S1 (Barrick et al, 2007) .
During extinction, both strains showed increased HR and decreased HRV from baseline to the first half of extinction training (as previously seen in Gaburro et al, 2011) , but these changes were greater in B6 than S1. Furthermore, HRV (not HR) recovered in B6 from the first to second half of extinction training, but remained depressed below baseline in S1. These data indicate a relative lack of plasticity in the S1 HRV response during fear retrieval and extinction, and echoes slow recovery of HRV seen after trauma recall in human subjects who experienced relatively severe trauma (Arditi-Babchuk et al, 2009) . Autonomic disturbances of this kind could reflect aberrant sympathovagal balance, mediated via brainstem nuclei as well as higher corticolimbic regions (Neafsey, 1990) . Indeed, recent human fMRI work has shown an association between reduced HRV, increased anxiety, and abnormal corticolimbic activity (Mujica-Parodi et al, 2009) .
Corticolimbic dysfunction is also implicated in the neuroendocrine alterations found in depression and anxiety disorders, such as abnormal circulating cortisol levels and altered sensitivity to low-dose DEX cortisol suppression (Muller and Holsboer, 2006; Yehuda and LeDoux, 2007) . In this context, we found that CORT levels were higher in S1 than B6 30 min after 2-h restraint, then recovered to an equivalent baseline in both strains by 75 min. CORT was also higher in S1 than B6 after cued extinction training, indicating an augmented HPA-axis response to various acute stressors in S1. A notably different pattern of strain differences emerged after chronic (10-day restraint) stress. Specifically, we observed that a novel swim stressor produced equivalent CORT increases in restraint-naive S1 and B6, but that the CORT response was further augmented in B6 with a history of chronic restraint, and, conversely, attenuated in S1. Thus, B6 were hypersensitive to novel stressor after chronic stress, while S1 became hyposensitive.
We also found that treatment with the synthetic glucocorticoid agonist DEX suppressed p.m. CORT relative to vehicle in B6 but not S1. S1 were not completely insensitive to DEX, as demonstrated by challenge with a very high dose. This relative resistance to DEX (and exaggerated stressinduced CORT) resembles the effect of constitutive GR haploinsufficiency or forebrain-specific GR knockout (Boyle et al, 2005; Ridder et al, 2005) . Indeed, in situ hybridization revealed lower GR mRNA expression than B6 in the CA3, but not DG or CA1, hippocampal subregion of S1, relative to B6, mice. Collectively, these data suggest downregulation of GR-mediated negative feedback in S1 under stress-naive conditions that may revert to upregulation after a history of chronic stress. Precisely how this HPA-axis dysregulation might be a diathesis variable contributing to excessive fear in S1 remains a key question for future studies. For example, given recent evidence that elevating glucocorticoids promotes negative bias in rats (Enkel et al, 2010) , it will be interesting to determine whether glucocorticoid abnormalities contribute to the fear generalization phenotype in S1.
There is compelling evidence implicating a PFC-amygdala neural circuit in excessive fear in humans and rodents (Quirk and Mueller, 2008) . Previous studies have demonstrated that impaired fear extinction in S1 is associated with abnormal activation of this circuit, consistent with a failure to properly engage regions of PFC and amygdala, and a resultant bias toward sustained amygdala output (Hefner et al, 2008; Whittle et al, 2010) . Via analysis of the dendritic arborization of BLA pyramidal neurons, we found that S1 had longer dendrites than B6, and more apical dendritic material than B6, particularly at distances relatively distal from the soma. Spine density was not different between strains, although the overall number of synapses on the apical dendrites was likely greater in S1 given their longer arbors. In contrast to these changes in BLA neurons, we did not find any significant differences between S1 and B6 in the morphology or spine density of neurons in either IL or PL. This does not exclude the possibility of more subtle structural changes in these neurons that we were unable to detect. However, the more parsimonious conclusion is that the clear functional alterations we have found in these prefrontal areas, including IL hypoactivation and PL hyperactivation during extinction (Hefner et al, 2008; Whittle et al, 2010) , are not associated with major neuronal morphological alterations. These may, instead, likely be driven by to be determined molecular abnormalities or abnormal interactions with other regions (eg, the amygdala). One key question is how the enlarged apical arbors of BLA neurons relate to the fear abnormalities in S1 mice. Enlarged dendritic arborization in S1 is highly reminiscent of the finding that stress causes dendritic hypertrophy and spinogenesis in BLA pyramidal neurons and produces associated increases in anxiety-like behavior (Vyas et al, 2002) (stress causes dendritic retraction of prefrontal neurons, by contrast, eg, Holmes and Wellman, 2009; Roozendaal et al, 2009; Shansky et al, 2009 ). One hypothesis is that once encoded, fear signaled by these larger neurons may be resistant to extinction. Combined with the failure to recruit extinction processes mediated by other brain regions, such as IL, in S1 (Hefner et al, 2008; Whittle et al, 2010) , this could provide a neural substrate for the rigid maintenance and overgeneralization of fear in S1. More generally, these observations provide novel evidence of an important link between amygdala dysmorphology and excessive fear and anxiety.
In this study, we found that the S1 inbred mouse strain exhibits a tendency to overgeneralize fear to ambiguous environmental cues and contexts and has difficulty using cues that signal safety to inhibit fearFtwo processes posited to underlie the intractable nature of excessive anxiety in the clinic. We also found that S1 display a depression of resting HRV, and persistent autonomic disturbances during extinction training. HPA-axis abnormalities in S1 were consistent with a loss of GR-mediated negative feedback regulation. Supporting the utility of the model as a tool for drug discovery, we found that behavioral abnormalities in S1 were rescued by the front-line anxiety medication, FLX. It also provides further insight into the neural basis of the aberrant phenotype in S1, we found enlarged apical dendritic arbors in the pyramidal neurons of a key brain region within the fear circuit, the BLA.
Collectively, these data provide convergent support for the validity of the S1 strain as a model of excessive fear. This model could prove valuable for future studies aimed at elucidating the neural and molecular basis of fear-related disorders such as PTSD, with a view to developing novel behavioral and pharmacological approaches to treating the disorder. Finally, because inbred mouse strains offer a powerful approach to finding gene-phenotype associations, the S1 strain provides a unique model for identifying genes underlying individual differences in trait fear and risk for fear disorders.
